NMDA receptors (NMDARs) play a critical role in learning and memory; however, there is a lack of evidence for a direct relationship between a well characterized decline in NMDAR function and impaired cognition during aging. The present study was designed to test the idea that a redox-mediated decrease in the NMDAR component of synaptic transmission during aging is related to a specific cognitive phenotype: impaired memory for rapidly acquired novel spatial information. Young and middle-aged male F344 rats were provided 1 d of training on the spatial version of the water maze, and retention was examined 24 h later. The performance of young rats was used as a criterion for classifying middle-aged rats as impaired and unimpaired on the task. Subsequent construction of CA3-CA1 synaptic input-output curves in hippocampal slices confirmed an age-related decrease in synaptic responses, including the NMDAR component of synaptic transmission. Examination of synaptic transmission according to behavioral classification revealed that animals classified as impaired exhibited a decrease in the total and the NMDAR component of the synaptic response relative to unimpaired animals. Furthermore, bath application of the reducing agent dithiothreitol increased the NMDAR component of the synaptic response to a greater extent in impaired animals relative to unimpaired and young rats. These results provide evidence for a link between the redox-mediated decline in NMDAR function and emergence of an age-related cognitive phenotype, impairment in the rapid acquisition and retention of novel spatial information.
Introduction
The NMDA receptor (NMDAR) component of synaptic transmission declines during aging (Barnes et al., 1997; Billard and Rouaud, 2007; Bodhinathan et al., 2010a) . NMDARs are intimately involved in memory; however, there is a lack of evidence for a direct link between decreased NMDAR function and agerelated memory impairment (Foster, 2012) . Research indicates that NMDARs are involved in memory for rapidly acquired and flexible spatial information (e.g., working memory), rather than the incremental acquisition of a reference memory (Nakazawa et al., 2003; von Engelhardt et al., 2008) , and NMDAR antagonists disrupt retention of novel spatial information as retention intervals increase (Steele and Morris, 1999; McDonald et al., 2005) . Interestingly, the acquisition and retention of novel or flexible spatial information is highly sensitive to aging, developing in middle age, before spatial reference memory deficits (Jucker et al., 1988; Ando and Ohashi, 1991; Foster, 2012) . The results suggest that a deficit in the rapid acquisition and consolidation of spatial information is an early phenotype of cognitive aging, possibly due to a decline NMDAR function.
Recent work demonstrates that an age-related decrease in NMDAR function is related to oxidative stress and a postsynaptic shift in the intracellular oxidation-reduction (redox) environment (Bodhinathan et al., 2010a; Robillard et al., 2011; Haxaire et al., 2012) . Increased oxidative stress and diminished NMDARdependent synaptic plasticity develop in middle age (Zhang et al., 1993; Rex et al., 2005; Ghosh et al., 2012) , suggesting that NMDAR function may decline in middle age. The current study focuses on middle age to examine the idea that cognitive deficits that arise at this time are related to a redox-mediated decline in NMDAR synaptic responses.
Materials and Methods
Animals. Procedures involving animals have been reviewed and approved by the Institutional Animal Care and Use Committee of the University of Florida, and are in accordance with guidelines established by the US Public Health Service Policy on Humane Care and Use of Laboratory Animals. Young (5-8 months, n ϭ 11) and middle-aged (12-16 months, n ϭ 34) male Fischer 344 rats were obtained from National Institute on Aging colony at Harlan.
Behavioral characterization. Methods for behavioral assessment of cognition using the water maze have been published previously (Kumar et al., 2012; Foster et al., 2012; Speisman et al., 2013) . Rats were first trained on the cue discrimination version of the water escape task using five blocks of three trials with all training massed into 1 d. Three days later, animals were trained on the spatial discrimination version of the task. Procedures for spatial learning were similar to the cue training, consisting of six blocks of three trials with all training massed into a single day. Probe trials delivered between blocks five and six and 24 h later were used to evaluate the use of a spatial search strategy.
Hippocampal slice preparation and electrophysiological recordings. Methods for hippocampal slice preparation and electrophysiological re-cording of total and NMDAR-mediated synaptic responses have been published previously (Bodhinathan et al., 2010a) . Briefly, 1-2 weeks following behavioral characterization, hippocampi were harvested and slices (ϳ400 m) were cut parallel to the alvear fibers. Slices were placed in a recording chamber and were bathed in 30 Ϯ 0.5°C oxygenated artificial CSF (ACSF) as follows (in mM): NaCl 124, KCl 2, KH 2 PO 4 1.25, MgSO 4 2, CaCl 2 2, NaHCO 3 26, and glucose 10.
Extracellular field EPSPs (fEPSPs) from stratum radiatum of CA1 were recorded with glass micropipettes (4 -6 M⍀) filled with ACSF. A stimulating electrode was positioned ϳ1 mm away in the middle of the stratum radiatum. Field potentials (0.033 Hz) were evoked by diphasic stimulus pulses (100 s). Signals were amplified, filtered (1 Hz and 1 kHz), and stored on computer for off-line analysis.
To obtain the NMDAR-mediated component of synaptic transmission (NMDAR-fEPSP), slices were incubated in ACSF containing low Mg 2ϩ (0.5 mM), 6,7-dinitroquinoxaline-2,3-dione (DNQX; 30 M) and picrotoxin (PTX; 10 M). Input-output curves for the total and NMDAR-fEPSP slope (in millivolts per milliseconds) were constructed for increasing stimulation intensities. To examine dithiothreitol (DTT) effects, the baseline response was set at ϳ50% of maximum, and responses were collected for at least 10 min before and 60 min after drug application. The DTT dose (0.5 mM) was selected due to previous studies that show this dose is within a range that can increase NMDAR responses specifically in aged animals, and in young animals under oxidizing conditions, and yet is below a dose that impairs enzyme activity (Tang and Aizenman, 1993; Bodhinathan et al., 2010a). DNQX (Sigma) was initially dissolved in dimethylsulfoxide (DMSO; Sigma) and diluted in ACSF to a final DMSO concentration of Ͻ0.01% and to a final DNQX concentration of 30 M. PTX (Tocris Bioscience) was initially dissolved in ethanol and diluted in ACSF to a final ethanol concentration of 0.0001% and to a final PTX concentration of 10 M. DTT was directly dissolved in ACSF.
Statistical analysis. ANOVAs were used to establish main effects. Follow-up ANOVAs or Fisher's PLSD post hoc tests ( p Ͻ 0.05) were used to localize differences. In some cases, t tests were used to determine whether search behavior was different from chance and whether DTT induced a change in the synaptic response. Where stated, n represents the number of animals used in each experiment.
Results

Characterization of spatial learning and memory
An ANOVA on escape path length across the five blocks of cue discrimination training indicated a significant age effect (F (1,172) ϭ 8.8, p Ͻ 0.005) due to a greater path length for middleaged (n ϭ 34) compared with young (n ϭ 11) animals (Fig. 1A) . Post hoc ANOVAs indicated a significant effect of training ( p Ͻ 0.0001) in each age group, and no age difference was observed for the final block, indicating that groups acquired the cue task to about the same extent.
An ANOVA examining age and training effects for escape path length across blocks during spatial training indicated a significant age effect (F (1,215) ϭ 8.9, p Ͻ 0.005) due to shorter escape path 
, where G and O represent the percentages of time spent in the goal and in opposite quadrants, respectively. The asterisk indicates that the mean discrimination index is Ͼ0 (i.e., chance performance). E, The DI scores were averaged across the two probe trials for each animal. A cutoff criterion (dashed line) was set at the lowest value for young animals (open circles). Animals with scores below this criterion were classified as impaired (filled circles, n ϭ 14), and those above this value were classified as unimpaired (gray circles, n ϭ 20). The open bars represent the mean of the averaged DI scores for each group.
length of young relative to middle-aged animals (Fig. 1B) . ANOVAs within each age group indicated a significant effect of training ( p Ͻ 0.0001), and no age difference was observed for the final training block. An ANOVA on the discrimination index scores across the acquisition and retention probe trials indicated a tendency ( p ϭ 0.057) for an age difference and a significant difference across the 24 h period (F (1,43) ϭ 38.7, p Ͻ 0.0001) due to a decrease in performance from acquisition to retention testing. One-group t tests indicated that performance was above chance for both probe trials in young animals, and for the acquisition probe trial in middle-aged animals (Fig. 1C,D) . The performance on the retention probe trial for middle-aged rats was not different from chance, which is consistent with increased forgetting of the novel spatial information (Foster, 2012) . To classify middle-aged animals as impaired or unimpaired on the spatial task, the discrimination index scores were averaged across the two probe trials and a cutoff criterion was set at the lowest value for young animals (score ϭ 0.134; Fig. 1E ). Middle-aged animals below this criterion were classified as impaired (n ϭ 14, 41%), and those above this value were classified as unimpaired (n ϭ 20, 59%). Reanalysis of performance during training on the cue and spatial discrimination tasks indicated no difference between impaired and unimpaired middle-aged animals (data not shown).
Basal synaptic transmission is reduced in impaired animals
Input-output curves for presynaptic fiber volley (PFV) and total-fEPSP slope confirmed decreased synaptic transmission with advancing age. ANOVAs indicated the effects of stimulation intensity (F (4,172) ϭ 123.0, p Ͻ 0.0001) in the absence of an age difference or an interaction for the PFV amplitude ( Fig. 2A) and an age ϫ stimulation intensity interaction for the total-fEPSP slope (F (4,172) ϭ 15.5, p Ͻ 0.0001) due to increased synaptic responses in young animals for higher stimulation intensities (Fig.  2B) . The total-fEPSP/PFV ratio was calculated as an index of synaptic efficacy, and an ANOVA confirmed an age effect (F (1,172) ϭ 5.1, p Ͻ 0.05) due to reduced efficacy in middleaged animals (Fig. 2C) .
To determine whether decreased synaptic efficacy was associated with impaired cognitive function, the older animals were separated according to behavioral classification and analysis was conducted on all three groups (impaired, unimpaired, and young). The PFV increased with stimulation intensity (F (4,168) ϭ 160.8, p Ͻ 0.0001), but was not related to behavioral classification (Fig. 2D ). An interaction of behavioral classification and stimulation intensity was observed for the total-fEPSP slope (F (8,168) ϭ 10.0, p Ͻ 0.0001), and post hoc tests indicated that the response was depressed for impaired animals relative to unimpaired and young animals (Fig. 2E ). An ANOVA on the total-fEPSP/PFV ratio confirmed a group effect (F (2,168) ϭ 3.9, p Ͻ 0.05) due to reduced synaptic efficacy for impaired animals relative to young animals (Fig. 2F ) .
The PFV for the NMDAR-fEPSP increased with increasing stimulation (F (6,258) ϭ 189.2, p Ͻ 0.0001) and was not affected by age (Fig. 3A) . In contrast, an age effect was observed for the NMDAR-fEPSP slope (F (1,258) ϭ 6.7 p Ͻ 0.05; Fig. 3B ) and the NMDAR-fEPSP/PFV ratio (F (1,258) ϭ 8.1, p Ͻ 0.01; Fig. 3C ) due Figure 2 . Decreased hippocampal synaptic strength during aging is related to cognitive function. A-C, Input-output curves for the mean Ϯ SEM amplitude of the PFV (A), slope of total-fEPSP (B), and ratio of total-fEPSP/PFV (C) evoked by increasing stimulation voltage (V). Despite a similar PFV, a decrease in the synaptic response was observed in middle-aged (filled circles, n ϭ 34) relative to young (open circles, n ϭ 11) animals. D-F, Examination of synaptic transmission according to behavioral classification revealed that the decrease in the synaptic response was specific to animals classified as impaired (filled circles, n ϭ 14), and the slope of the total-fEPSP (E) and ratio of total-fEPSP/PFV (F ) were not different between unimpaired (gray circles, n ϭ 20) and young (open circles, n ϭ 11) animals. G, Representative field potential recordings in CA1 stratum radiatum showing (top) the regions for PFV and EPSP measures. The calibration bars are for the middle and bottom panels. The EPSP traces for the middle and bottom panels provide examples of responses for young and middle-aged animals (middle) and impaired and unimpaired animals (bottom), which exhibited similar PFVs and differences in the EPSP slope.
to greater responses in younger animals. When middle-aged animals were separated according to behavioral classification, the PFV for the NMDAR-fEPSP slope was not related to behavioral classification (Fig. 3D ). An effect of group classification was observed for the NMDAR-fEPSP slope (F (2,252) ϭ 6.1, p Ͻ 0.005) and the NMDAR-fEPSP slope for impaired animals was decreased relative to the unimpaired and young animals (Fig.  3E) . A main effect of group classification (F (2,252) ϭ 7.6, p Ͻ 0.005) was observed for the NMDAR-fEPSP/PFV ratio and post hoc tests confirmed that synaptic efficacy for impaired animals was decreased relative to the unimpaired and young animals (Fig. 3F ) .
Redox environment contributes to the decline in NMDAR function
In a subset of young (n ϭ 3/5 animals/slices), middle-aged unimpaired (n ϭ 12/16), and middle-aged impaired (n ϭ 7/8) animals, the NMDAR-fEPSP slope was set a ϳ50% of maximum and recorded for 10 min. Subsequent application of DTT resulted in a marked increase in the synaptic response for impaired animals (Fig. 4A) . The percentage change in the PFV and NMDAR-fEPSP slope was averaged during the last 5 min of the 1 h recording, and averages were subjected to ANOVAs. An effect of behavioral classification was observed on the percentage change in the NMDAR-fEPSP slope (F (2,19) ϭ 7.3, p Ͻ 0.005) due to a large increase in impaired animals relative to the other two groups (Fig.  4A) . For impaired animals, an increase was observed in 100% of the slices (8 of 8 slices), and the raw NMDAR-fEPSP slope values were increased above baseline (paired t test, p Ͼ 0.05; Fig. 4E ). The slope values were not increased for the other two groups, and an increase was observed in only ϳ50% of the slices (young animals, 2 of 5 slices; unimpaired animals, 8 of 16 slices; Fig. 4C,D) . Consistent with previous studies, no effect of DTT was observed on the PFV amplitude (Fig. 4F ) , pairedpulse facilitation (50 ms interpulse interval), or the total-fEPSP slope.
Discussion
Disruption of memory for rapidly acquired novel spatial information develops in middle age, before impaired acquisition of spatial reference memories, which is generally limited to the oldest animals (Jucker et al., 1988; Ando and Ohashi, 1991; Foster, 2012 ). In the current study, we demonstrate that the emergence of impaired retention of novel spatial information is associated with a redox-sensitive decrease in NMDAR synaptic transmission.
An age-related decrease in CA1 synaptic transmission is well characterized and is not associated with a change in measures of presynaptic function, PFV, or paired-pulse facilitation (Landfield et al., 1986; Barnes et al., 1992; Deupree et al., 1993; Norris et al., 1998; Hsu et al., 2002) . Similarly, redox agents do not alter the PFV or paired-pulse facilitation. Rather, the effects of DTT are specific for the NMDAR component of synaptic transmission and are not observed for the AMPA receptor component (Aizenman et al., 1990; Gozlan et al., 1995; Bernard et al., 1997; Bodhinathan et al., 2010a) . NMDAR function is increased by postsynaptic injection of the relatively membrane-impermeable redox buffer glutathione, suggesting a postsynaptic mechanism (Bodhinathan et al., 2010a) . The current study demonstrates that the redox-related depression of NMDARs emerges in middle age, particularly in animals that exhibit impaired cognition. Redox regulation of NMDARs contributes to age-related impairment of long-term potentiation (LTP; Bodhinathan et al., 2010a; Robillard et al., 2011) , which also emerges during middle age in association with impaired cognition (Rex et al., 2005; Fouquet et al., 2011) . Finally, treatments to enhance NMDAR function improve the rapid acquisition of spatial information (Burgdorf et al., 2011; Brim et al., 2013) , suggesting that decreased NMDAR function underlies impaired memory for rapidly acquired novel spatial information.
Impairment in spatial reference memory does not correlate with the decrease in NMDAR-mediated synaptic transmission (Tombaugh et al., 2002; Boric et al., 2008) . This may not be surprising since the incremental acquisition of reference memory is observed for many pharmacological or genetic conditions that decrease hippocampal NMDAR function (Foster, 2012 indicate that the decrease in NMDAR function contributes to an early phenotype of cognitive decline: impaired spatial working memory.
Differences in the onset or progression of working and reference memory deficits may depend on independent mechanisms that age differentially (Foster, 2012) . Alternatively, a decline in NMDAR function may precipitate more severe learning deficits with advancing age. In vitro studies indicate that synaptic NMDAR activity is important for transcription related to neuroprotection and antioxidant defenses (Hardingham et al., 2002; Papadia et al., 2008; Zhang et al., 2011) . Thus, a decline in synaptic NMDAR signaling could render cells more vulnerable to aging stressors, including oxidative stress. Similarly, a redox shift may contribute to several aspects of hippocampal senescence, including increases in the Ca 2ϩ -dependent afterhyperpolarization (AHP), oxidative damage, neuronal vulnerability, and impaired cognition (Bodhinathan et al., 2010a; Ghosh et al., 2012; Lee et al., 2012) . For example, growth of the AHP is associated with impaired learning (Tombaugh et al., 2005; Matthews et al., 2009) , decreased NMDAR synaptic responses (Kumar and Foster, 2004) , and impaired LTP (Foster and Norris, 1997; Foster, 2012) . In turn, the redox state of ryanodine receptors mediates the agerelated growth in the AHP through the release of Ca 2ϩ from intracellular stores (Kumar and Foster, 2004; Bodhinathan et al., 2010b) . The results suggest that the disruption of feedback loops involving redox state, excitatory/inhibitory neural activity, and activity-induced transcription may contribute to the development of brain aging. 
